The preoperative evaluation of pediatric patients with epilepsy is critical for proper localization of the seizure focus and maximization of outcome. The Pediatric Epilepsy Surgery Subcommission of the International League Against Epilepsy has proposed guidelines for the evaluation of surgical candidates, including interictal and video electroencephalography (VEEG), structural imaging with MRI and/or CT, functional imaging with single-photon emission CT (SPECT) or positron emission tomography (PET), and neuropsychological evaluation. 2 Despite these recommendations, there remains institutional variability in the evaluation of these patients. 5 At the Hospital for Sick Children, all patients undergo VEEG in the epilepsy monitoring unit, brain MRI with a 3-T scanner, functional MRI (fMRI), PET, and neuropsychological evaluation. In addition, magnetoencephalography (MEG) is performed on all patients at our institution.
Depending on the results of the noninvasive evaluation, subdural and depth electrodes may be implanted for further characterization of the epileptogenic focus. While these implanted electrodes can provide valuable information for the planning of operative resection, they may be associated with significant risks. Due to the implanted hardware and need for at least 2 operations, infection is a significant risk, reported to be as high as 2.4%. Other risks include CSF leak, intracranial hematoma, and cerebral edema. 9, 19 MEG is used at the Hospital for Sick Children as a guide for resection in a select group of patients in lieu of invasive monitoring. These patients all have localized spike clusters, as previously described. 8 In addition, the results of other noninvasive evaluations are concordant with the MEG data. In these patients, resection may be undertaken in an attempt to avoid implantation of subdural and depth electrodes and proceed directly to resective surgery. Here we report a retrospective review of these cases to determine the success of this approach.
Methods
We reviewed the medical records of patients undergoing resection for the treatment of medically intractable epilepsy at the Hospital for Sick Children. We included patients who had localized spike clusters identified on MEG preoperatively. We excluded patients who underwent invasive electroencephalography (EEG) monitoring or who had seizures secondary to a well-defined lesion on neuroimaging, such as a neoplasm or vascular malformation, who would generally be immediately offered a 1-stage lesionectomy and would not be considered for invasive monitoring. We also excluded patients with mesial temporal sclerosis, given the overall favorable surgical outcome of this condition and the questionable utility of both MEG and invasive monitoring in this circumstance. Finally, we excluded patients for whom a resective strategy with curative intent was not considered. This included patients with hemispheric syndromes and children who underwent palliative procedures such as vagus nerve stimulator implantation and corpus callosotomy.
The records were reviewed for demographic information; details of the seizure history, including previous treatments; the surgical procedure performed and any associated complications; and outcome with regard to seizure control and need for additional interventions. Seizure outcome was recorded according to the Engel classification. 3 Pathology reports and imaging studies were also reviewed.
This study was approved by the Research Ethics Board at the Hospital for Sick Children.
Results
We identified 16 patients who met the inclusion criteria. All patients underwent surgery between 2001 and 2010. These patients represent a minority of the epilepsy cases performed at the Hospital for Sick Children each year. Of these patients, 9 (56%) were male. The patients' mean age at the time of surgery was 11.6 years (range 1.6-17.6 years).
All patients underwent preoperative evaluation including brain imaging by MRI and MEG ( Fig. 1 ). Fifteen patients (93.7%) had clear structural lesions on MRI (Table 1). Most of these patients had either presumed cortical dysplasia or postoperative changes from previous surgery. Most of these previous surgeries were prior attempts at surgical control of epilepsy (Cases 7, 8, 10, and 15), although 1 patient had undergone previous resection of a dysembryoplastic neuroepithelial tumor (Case 13).
In each case, MEG helped to identify the suspected seizure focus. All patients included in this study had at least 1 localized spike cluster-as defined in a previous publication as at least 6 dipoles with no more than 1 cm between sources. 8 In the patients with abnormal MRI findings, the spike clusters were consistently spatially related to the lesion or abnormal finding.
Surgical procedures were tailored to the location of the MEG spike clusters (Fig. 2) . Five patients underwent anatomical lobectomies. Two additional patients had temporal lobectomies with additional cortical resection as guided by MEG. The 5 patients with a history of surgery had extension of the previous resection (Table 1 ). There were no intraoperative complications. The neuropathological findings are listed in Table 2 .
One patient was lost to follow-up 1 month after surgery. The remaining 15 children had a mean follow-up time of 2.4 years (range 7 months to 9 years). Of these patients, 4 (26.7%) had postoperative complications. These issues were minor and consisted of headaches, behavior changes, transient neurological deficit, and delayed wound healing with a stitch abscess. There were no deaths. Seizure outcomes were favorable. Ten patients (62.5%) were seizure free at follow-up (Engel Class I). One of these patients exhibited a "running-down" phenomenon, whereby seizure freedom was achieved in a delayed manner. An additional 3 patients (20%) had improvement in seizures (Engel Classes II and III). One patient had no change in seizures (Engel Class IVA) and an additional patient had worsening of seizures (Engel Class IVC). Both patients with Engel Class IV outcomes underwent subsequent surgery with intracranial electrode monitoring and additional resection. One of these children had ongoing seizures following the second attempt at resection.
Discussion
The American Clinical MEG Society has released a policy statement supporting the routine use of MEG in the evaluation of epilepsy. 1 In addition, numerous studies have examined the utility of MEG in the preoperative evaluation of candidates for epilepsy surgery. In one study, MEG changed the surgical plan in 33% of patients. In some cases, the change entailed addition of electrodes, in others it involved placing unilateral rather than bilateral electrodes, and in a few cases MEG resulted in vagus nerve stimulation being performed rather than intracranial monitoring. 23 Previous work from our institution demonstrated that interictal MEG accurately predicted the epileptogenic zone as determined by intracranial recording in 10 of 11 patients.
14 MEG has also been used in the evaluation of patients with lesional epilepsy, 20 recurrent epilepsy following a previous resection, 17 refractory status epilepticus, 16 insular/peri-insular epilepsy, 6,15 and MRI-negative epilepsy 10 and as part of the evaluation for hemispherotomy. 24 In addition, previous reports have demonstrated more favorable seizure outcomes when the resection area includes the MEG spike cluster. 4, 21 A recent study from another institution demonstrated similar results for patients with extratemporal epilepsy. That series included 31 patients who did not undergo invasive monitoring, including several with temporal lobe epilepsy. 25 Our series focuses on exclusively pediatric patients who would otherwise be candidates for invasive monitoring. While the precise indications for invasive monitoring with intracranial electrodes vary between institutions, general guidelines include their use in patients with normal neuroimaging, cases in which the pathology involved is unlikely to be fully delineated on imaging, cases with multiple lesions or lesions secondary to cerebral insults, cases in which scalp EEG does not adequately localize the seizure onset zone, and cases which require mapping of eloquent cortex. 18 In our series, 1 patient had normal neuroimaging (Case 1) and 5 patients had lesions whose extent would likely extend beyond what is seen on imaging (cortical dysplasia in Cases 2, 5, 9, 12, and 14). One patient had heterotopias seen on neuroimaging (Case 4), but these were noted to be indistinct and difficult to visualize. The remaining patients all had prior cerebral insults. Many of these were from previous attempts at epilepsy surgery (Cases 7, 8, 10, and 15) or prior tumor resection (Case 13). An additional 4 patients had encephalomalacia or evidence of prior stroke (Cases 3, 6, 11, and 16). Therefore, all patients included in this series would have been candidates for intracranial electrode implantation had MEG not been available.
The 62.5% seizure-free rate in our cohort of patients compares favorably with previously published reports of outcomes in extratemporal epilepsy surgery. Re cent ly pub- lished series report seizure-free rates of 57%-74%. 7, 11, 12, 22 Most patients in our series derived some benefit in seizure control from the operation. Only 2 patients had Engel Class IV outcomes requiring additional surgical intervention.
The primary advantage of using MEG to guide resection for epilepsy is the avoidance of invasive monitoring. The use of intracranial electrodes is associated with several risks including CSF leak, cerebral edema, hemorrhage, infection, and blood loss requiring a transfusion. 19 There were no infections or CSF leaks in our series. The primary disadvantages to routine use of MEG are the cost and limited availability of this technology. In addition, most MEG recordings are interictal, although occasionally ictal activity is recorded.
The decision to use MEG instead of intracranial electrodes is complex and depends on numerous factors. Certainly, the MEG data must be concordant with other available information including seizure semiology, VEEG, structural MRI, and PET when available. Tech- niques do exist for mapping of language and motor cortex with MEG, however the spatial resolution is limited. With these limitations, MEG-guided resection is appropriate in a small subset of patients. We estimate that 115 patients underwent implantation of subdural grids during the same time period. Intraoperatively, the MEG data may be fused with diffusion tensor imaging to predict the location of eloquent cortex. Intraoperative mapping may also be used for mapping of eloquent cortex during surgery.
Conclusions
In this study, we have demonstrated that the outcome in selected patients who undergo surgery based on MEG data is comparable to the outcome reported from resection based on data from invasive monitoring. In addition, there was a low complication rate, with no CSF leaks, infections, or intracranial hematomas, which can occur in patients undergoing invasive monitoring. 
